
ABSTRACT

WERKEMA, ADAM DAVID. Mutual Influences of Adjacent Supercells in Multistorm Simulations.
(Under the direction of Matthew Parker).

Tornadic and nontornadic supercells have been observed to occur in close proximity

to one another, despite existing in similar environments. One possibility is that localized

heterogeneity in the environment produces changes in tornadogenesis likelihood. Such

environmental heterogeneity may be induced by supercell thunderstorms themselves.

This study investigates whether adjacent supercells influence one another, particularly

focusing on influences to tornadogenesis likelihood. The study used idealized numerical

simulations of isolated supercells to identify how supercells introduce heterogeneity into

their surrounding environment. Then, a series of multistorm simulations are used to inves-

tigate how storm-induced heterogeneity affects neighboring supercells and tornadogenesis

likelihood. The most influential forms of storm-induced heterogeneity are found to be

left-moving splits from supercells, residual cold pools in the wake of supercells, and dry air

descending from aloft to the north of supercells. Residual cold pools and descending dry air

weakened neighboring supercells and decreased the likelihood of tornadogenesis. Mergers

with left-moving splits momentarily strengthened supercells and increased tornadogene-

sis likelihood before other storm-induced heterogeneity weakened these supercells. One

theme that emerges is that storm-induced heterogeneity often changes the storm relative

helicity in the inflow of supercells, which in return strengthens or weakens the supercell.

In the most hostile storm-induced heterogeneity, neighboring supercells weakened to the

point of dissipation. In the most favorable storm-induced heterogeneity, low-level supercell

updrafts nearly doubled their vertical velocity. These findings may explain why tornado

production can vary between supercells coexisting in a similar environment.
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CHAPTER

1

INTRODUCTION

Supercell thunderstorms, de�ned by their quasi-steady rotating updraft (i.e. mesocyclone),

present hazards to society. Both public and research attention has been directed toward

supercells because of their ability to produce tornadoes and particularly signi�cant torna-

does (EF2+), which are among the most destructive atmospheric phenomena. Tornadic

supercells have been observed to produce localized winds greater than 100 m s � 1, which

have resulted in loss of life and severe damage to property (Wurman and Alexander 2005;

Wurman et al. 2021)). Damage from individual tornadic supercells has exceeded $1 billion

and much higher estimates have been made if a tornadic supercell were to hit a large

metropolitan area (Brooks and Doswell III 2001; Wurman et al. 2007). With the risk that

supercell thunderstorms pose to society, it is important for forecasters and researchers to

correctly identify supercells that may become tornadic.

Despite improvements in supercell thunderstorm forecasting, forecasting tornadoes

themselves still remains a large challenge. This is because the same large-scale ingredients

(e.g. convective available potential energy (CAPE), 0-6 km above ground level (AGL) shear)

that are used to predict supercells are found in both tornadic and nontornadic supercells.

Additionally, both tornadic and nontornadic supercells have similar kinematic and precipi-

tation structures seen by radar (Marzban and Stumpf 1996; Davis and Parker 2014; Homeyer
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et al. 2020; Loef�er et al. 2020). In a comprehensive study of observed supercells, Trapp

et al. (2005) found that only 26% of supercells produced tornadoes. This has led to high

false-alarm rates (around 75%) for National Weather Service tornado warnings (Brotzge

et al. 2011).

Therefore, an important avenue for tornado research is distinguishing between tor-

nadic and nontornadic supercells. Recent research has focused on �nding environmental

ingredients that have skill discriminating between tornadic and nontornadic supercells. A

few operationally skillful environmental characteristics have been found and combined

into the Signi�cant Tornado Parameter (STP), which helps to highlight the coexistence of

ingredients favorable for tornadic supercells (Thompson et al. 2003). Some of these favor-

able ingredients have included low lifting condensation level (LCL) and large storm-relative

helicity (SRH). A recent study by Coffer et al. (2019) helped improve the STP by revealing that

0-500 m SRH was a more skillful parameter than the effective-layer SRH that was currently

being used. While focusing on environmental ingredients has moved the tornado research

community closer to discriminating between tornadic and nontornadic supercells, there

still remain areas for improvement.

One complication in the "environmental ingredients" research approach is that tornadic

and nontornadic supercells can occur in close proximity (e.g. Klees et al. 2016). This suggests

that knowledge of the large-scale environment is not suf�cient and begs the question:

"When multiple supercells are present in the same environment, why do some produce

tornadoes while others don't?" For such occurrences where tornadic and nontornadic

supercells exist side-by-side, three of the potential reasons why tornado production varies

are:

1. Preexisting localized heterogeneity exists in the environment; or,

2. There are important within-storm details that cannot be predicted by environmental

parameters; or,

3. The supercells themselves introduce heterogeneity, creating conditions for neighbor-

ing storms that are more (or less) favorable for tornado production.

One or more of these scenarios may occur at the same time, leading to variability in

tornado production. Studies have discovered that preexisting heterogeneity may be re-

sponsible for changes in mesocyclone strength and tornado production. Markowski et al.

(1998), Davenport and Parker (2015), and Davenport et al. (2019) have all either observed or
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simulated large environmental heterogeneity that indicated supercell strength and evolu-

tion is dependent on the heterogeneous environment around itself. Even if the large-scale

environment is known and local environmental heterogeneity is minimal, Anderson-Frey

et al. (2016) concluded that there appears to be an "inability to know which storms in

a given environment will be tornadic." This idea of unpredictable within-storm behav-

ior is corroborated by Coffer et al. (2017), who found that some simulated supercells in

homogenous environments still produce tornadoes despite having a sub-optimal back-

ground environment. Markowski (2020) also found that there is "very limited intrinsic

predictability with respect to predicting the formation time, duration, and intensity of tor-

nadoes", indicating that within-storm details limit the predictability of tornado production.

While within-storm chaotic behavior likely exists, there is still the factor, which has been

comparatively unaddressed: storm-induced heterogeneity from nearby convection.

It has long been known that convection modi�es the kinematic and thermodynamic

�elds in the surrounding environment. A well-known example are gravity waves from

mesoscale convective systems (MCS). Mapes (1993) found that gravity waves emanating

from tropical MCSs caused upward displacement at low levels in the surrounding envi-

ronment up to hundreds of kilometers away. These displacements made the surrounding

environment more favorable for additional convection. Similar �ndings were seen in Fovell

et al. (2006) and Adams-Selin and Johnson (2013), who found that gravity waves propagating

ahead of MCSs produced low-level ascent and moistening, increasing CAPE.

Supercells, although smaller in temporal and spatial scale than MCSs, also modify their

surrounding environment. Brooks et al. (1994) used a numerical simulation to show that

CAPE and helicity may even double in magnitude over short ( < 10 km) distances within a

supercell's in�ow. Potvin et al. (2010) studied the in�ow environment of supercells using a

large, multi-year data set (1200 + soundings) and found that distances less than 40 km away

from supercells are not representative of the far-�eld environment because of "convective

feedbacks" (i.e. storm-induced heterogeneity). In a more recent study, Parker (2014) created

a composite environment from supercell soundings, which may be the �rst observational

analysis documenting full 3-dimensional environmental variability surrounding supercells.

Parker (2014) showed that there is an increase in low-level wind shear within the in�ow

region of supercells, which would be regarded as more favorable for tornado production

than the original far-�eld environment. The composite environment also revealed slight

near-surface cooling and a complementary increase in CIN and a decrease in CAPE in the

in�ow, possibly resulting from anvil shading (Frame and Markowski 2010).

Several other studies have focused on the aspects of storm-induced heterogeneity.
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Nowotarski and Markowski (2016) sought to identify "the changes that simulated super-

cell thunderstorms impart on their surroundings". A large part of their study focused on

anvil shading, which cools the near-storm, near-surface air and increases low-level shear

(via diminished boundary layer mixing). However, all their simulations - even the ones

without radiative effects - featured an increase in low-level shear in the in�ow region of

supercells, agreeing with the �nding from Parker (2014). Their study also found that a re-

gion of compensating subsidence around the supercell updraft suppressed nearby shallow

cumulus clouds. While most studies featuring storm-induced heterogeneity have focused

on the in�ow region of supercell, Trapp and Woznicki (2017) focused on the environmental

recovery in the wake of supercells. They found that temperature lapse rates above the

boundary layer were very similar to pre-convective lapse rates. In the wake of supercells,

the remaining cold pool appeared to be the main limiting factor inhibiting subsequent

convection behind the supercells. All of these forms of storm-induced heterogeneity are

important when considering the effect ongoing convection may have on a neighboring

supercell.

Another form of storm-induced heterogeneity is storm splitting, which occurs when a

supercell's ingestion of crosswise vorticity leads to two counter-rotating centers of rotation

in the updraft (Klemp and Wilhelmson 1978). The counter-rotating vortices create two

dynamic pressure minima, favoring the splitting of the main updraft into two storms:

one moving the the right of the deep-layer shear vector and one to the left. These left

moving splits can merge into other nearby supercells (i.e. storm mergers). Storm mergers

are quite complex phenomena and result in a variety of behaviors. In numerical simulations,

Bluestein and Weisman (2000) investigated supercells initiated along a line under various

orientations of deep layer shear. They found that mergers almost always weakened right-

moving supercells and that shear orientations which limit merger occurrence are most

favorable for supercell longevity. In another numerical study, Lee et al. (2006) found that half

of the storm mergers in their case study resulted in strengthened mesocyclones. Hastings

and Richardson (2016) studied the merging of nascent cells with supercells, discovering

that mergers can either strengthen or weaken supercells depending on the location of

the merger and out�ow from the nascent cell. A few observational studies have found

mergers to be a mechanism by which tornadogenesis likelihood is increased. Wurman et al.

(2007) attributed the brief development of tornadoes in a right-moving supercell to two

observed storm mergers. On the other hand, Klees et al. (2016) described two observed

storm mergers, with one weakening a right-moving supercell and the other strengthening a

supercell prior to tornadogenesis. In Rogers and Weiss (2008), a data set of 91 tornadoes in
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the Texas Panhandle between 1999 and 2006 was used to show that 54% of tornado reports

happened in the 15 minutes after a storm merger. A similar study was repeated by Rogers

(2012), but for a much larger data set containing 669 signi�cant (EF2 +) tornadoes. This

study found that only 27% of signi�cant tornadoes occurred following a storm merger. It is

clear that storm mergers are complex and can result in a variety of outcomes, implying that

they are a potentially important form of storm-induced heterogeneity.

Here, we have discussed three forms of storm-induced heterogeneity: thermodynamic,

kinematic, and left-moving splits. Given this knowledge of how supercells impact their

surroundings, it is clear that supercells can change a once-homogeneous, large-scale en-

vironment into one that features localized heterogeneity and potentially different fates

for adjacent supercells. This induced heterogeneity may explain why some supercells pro-

duce tornadoes while others don't, even when the large-scale environment is essentially

horizontally homogeneous. To investigate this possibility, we ask the following questions:

1. What are the forms of storm-induced heterogeneity and how do these vary in time,

space, and magnitude?

2. Is tornadogenesis likelihood in�uenced by storm-induced heterogeneity from a neigh-

boring supercell? If so, how?

Answering these questions will hopefully provide insights for nowcasting during multi-

supercell events. We approach this problem by using an idealized model to identify aspects

of storm-induced heterogeneity for isolated supercells. A series of multistorm simulations

are then used to investigate how the aforementioned storm-induced heterogeneity affects

neighboring supercells and their tornadogenesis likelihood. Chapter 2 describes the design

of the study, results for the single-storm and multistorm simulations are presented in

Chapters 3 and 4, respectively, and a synthesis of the experiment and avenues for future

work are given in Chapter 5.
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CHAPTER

2

DATA AND METHODOLOGY

This study asks the question: "When multiple supercells are present in the same environ-

ment, why do some produce tornadoes while others don't?" The working hypothesis is

that heterogeneity induced by one supercell may affect tornadogenesis likelihood in a

neighboring supercell. In order to investigate this hypothesis, an experimental design with

a three-step approach is implemented:

1. Identify the magnitude and spatial extent of a supercell's induced heterogeneity.

2. Determine whether supercells in a multi-supercell environment have increased,

decreased, or no identi�able changes in tornadogenesis likelihood.

3. Identify if any changes in tornadogenesis likelihood can be attributed to storm-

induced heterogeneity found in step 1.

2.1 Experimental Design

To study storm-induced heterogeneity and its possible effects on tornadogenesis likelihood,

idealized cloud scale simulations are conducted using version 20.3 of the Bryan Cloud
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Model 1 (CM1) (Bryan and Fritsch 2002). An idealized modeling approach is used so that all

but a few initial conditions can be held constant across the simulations, allowing for direct

hypothesis tests. This study uses grid spacing that is not suf�cient to revolve tornadoes

or tornado-like vortices. Instead, this study relies on an updraft-scale proxy on the scale

of a kilometer or more to infer whether tornadogenesis likelihood increases or decreases

between simulations. Model con�guration and the proxy for tornadogenesis likelihood will

be described in the remainder of this chapter.

Simulations of isolated supercells are used to �rst identify the timing, magnitude, and

spatial extent of a supercell's induced heterogeneity. Although this study focuses on multi-

supercell scenarios, storm-induced heterogeneity can be documented using isolated su-

percells; this is most easily done by analyzing the thermodynamic and wind perturbations

to the background environment. This documented storm-induced heterogeneity can later

be used to provide possible explanation for changes in the tornadogenesis proxy during

the multi-supercell simulations. Given that the same initial background environment is

used for all supercells in this study, the benchmark tornadogenesis proxy for an isolated su-

percell can also be determined. Later – when multi-supercell scenarios are simulated – the

tornadogenesis proxy of these supercells can be compared to the isolated cases' benchmark.

Eight isolated supercell simulations are used to provide a range of storm-induced het-

erogeneity and the tornadogenesis proxy. An ensemble approach is used because even

small changes in model initial conditions may greatly affect the �nal state of a numerical

model (Lorenz 1963). Indeed, small errors in initial conditions may result in unphysical

numerical noise spreading throughout the model domain (Ancell et al. 2018). An ensemble

approach allows the natural spread that occurs in idealized supercell simulations to be

captured. Therefore, the ensemble provides a baseline of variability against which multi-

supercell simulations can be compared. Each isolated supercell simulation uses the exact

same model setup except for the base state wind pro�le. The technique of Coffer and Parker

(2017) is used to create the ensemble. In seven of the simulations, the base state wind pro�le

is perturbed by up to � 2 m s � 1 at each vertical level of the input sounding. The eighth sim-

ulation uses the base state wind pro�le without any perturbations. More details about the

input sounding will be described in section 2.3. Using the ensemble as a whole, the range

of storm-induced heterogeneity and tornadogenesis proxy for isolated supercells in the

given background environment is documented and used for multi-supercell comparison.

Each multi-supercell simulation then consists of the same model setup as the isolated

simulation with the only difference being that two supercells are simulated within the
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model domain 1. The multi-supercell simulations initiate two supercells simultaneously

in the model domain. While both supercells and non-supercell storms interact at varying

levels of maturity in nature (e.g. Hastings and Richardson 2016), this study considers the

most simplistic case with supercells of the same maturity. In order to capture a variety of

multi-supercell scenarios, the angle of separation between the supercells is varied. This

accounts for the fact that storm-induced heterogeneity is not uniform around a supercell

(Brooks et al. 1994; Parker 2014). The angles between supercells are chosen to be 0°, 45°,

90°, and 135° (Figure 2.1). The same angles were chosen for the multi-supercell simulations

in Bluestein and Weisman (2000). All of these angles are relative to the 0-6 km shear vector

(which points east in this study), meaning that the results from this study should be applied

relative to the 0-6 km shear vector.

In addition to varying the angle between supercells, the distance between supercells is

also varied. In theory, storm-induced heterogeneity decreases as distance from a supercell

increases. Thus, it is expected that supercells farther away from their neighbors will behave

similarly to isolated supercells. To test the sensitivity of supercells to nearby storm-induced

heterogeneity, the initial distances between supercells are chosen to be 30, 40, 50, and 60

km. A few tests were run with 20 km spacing, but the simulations featured rapid storm

mergers which are not the aim of this study. Tests were also run for 80 and 100 km spacing,

but these supercells remained almost identical to the isolated simulations. Thus, distances

between 30 and 60 km were chosen for the multi-supercell simulations. The four angle

variations and the four spacing variations led to a total of 16 multi-supercell simulations.

All the simulations for this study are listed in Table 2.1.

2.2 Model Con�guration

Idealized simulations are conducted using version 20.3 of the Bryan Cloud Model 1 (CM1,

Bryan and Fritsch (2002)). The model top is 16.5 km and the horizontal length of the

domain varies depending on the number of supercells simulated and the spacing between

supercells. For all isolated simulations, the model horizontal dimensions are 150 km x 150

km. For the multi-supercell simulations, the model horizontal dimensions are increased

so that results would be protected from large re�ections off of the lateral boundaries. For

30, 40, 50, and 60 km supercell spacing, this resulted in model horizontal dimensions of

180 km x 180 km, 190 km x 190 km, 200 km x 200 km, and 210 km x 210 km, respectively.

1The model domain size is also slightly larger for the multi-supercell cases.
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The horizontal grid spacing is 250 m, which allows supercells and their characteristic

structures (hook echo, mesocyclone, rear �ank downdraft, bounded weak echo region, etc.)

to be suf�ciently resolved. While this grid spacing is not suf�cient to resolve tornado-like

vortices, it reveals information about the low-level mesocyclone from which tornadogenesis

likelihood can be inferred. This will be discussed further in Sections 2.4 and 2.5. The vertical

grid spacing utilizes stretching, which allows for �ner resolution in the low levels, where

low-level mesocyclones and mechanisms for tornadogenesis exist. Grid cell height begins as

50 m at the surface and linearly increases to 250 m at the model top. The domain translation

speed is u = 10 m s� 1, v = 3 m s� 1 which keeps supercells roughly stationary in the domain.

All other model con�gurations remained the same between simulations. Open radiative

lateral boundary conditions are used along with Rayleigh damping at the model top. The

NSSL double-moment microphysics scheme is used because of its ability predict graupel

and hail densities, producing realistic supercell precipitation footprints (Mansell 2010;

Mansell et al. 2010). Coriolis accelerations, radiation, and surface �uxes are not used.

Although anvil shading effects from solar radiation were shown to be important for changes

in near-storm CAPE and low-level shear (e.g. Frame and Markowski 2010; Nowotarski

and Markowski 2016), they are neglected here for simplicity. The model bottom and top

boundary conditions are free-slip plates.

Each simulation used the adaptive time step feature in CM1 and was run for a duration

of three hours. In order to achieve a more complete understanding of the heterogeneity

that a supercell can produce, a few test simulations were run for six hours. The purpose

behind these additional simulations was to investigate if any additional storm-induced

heterogeneity emerges beyond the three hour time window. However, simulations beyond

three hours began to exhibit increasing spread in supercell behavior. This is expected,

as slightly different initial conditions lead to increasing model spread as time progresses

(Lorenz 1963). The increasing spread is troublesome because it limits the ability to compare

the various simulations. Additionally, most supercells in nature do not last beyond three

hours (Bunkers et al. 2006). Therefore, analysis and simulations are limited to a duration of

three hours.

The model initial conditions are horizontally homogeneous and represented by the

sounding described in the following section (Figures 2.3 and 2.4). Warm bubbles are used

to initialize deep moist convection for all simulations. Though the sudden appearance of

a warm bubble is unphysical, it represents a rising thermal that can initiate deep moist

convection. Ideally, a warm bubble is strong enough to start deep convection, but weak

enough so that it doesn't affect the mean base state of the environment. A series of warm
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bubble tests were run to identify the weakest warm bubble that produced supercells in all

simulations. The warm bubble characteristics identi�ed and used in the simulations are

the following: 5 K maximum temperature perturbation, 7.5 km horizontal radius, 1.4 km

vertical radius, and centered on 1.4 km AGL. Relative humidity is reset within the warm

bubble to equal that of the background environment. For the multistorm simulations, the

reported angle and distance of displacement (as explained in Section 2.1) describes the

positions of the pair of initial warm bubbles.

2.3 Initial Sounding

This study seeks to identify whether storm-induced heterogeneity can impact neighboring

supercells to the point where tornadogenesis is either promoted or suppressed. In order to

investigate whether tornadogenesis likelihood increases or decreases, a sounding that is

known to be supportive of tornadoes is required. However, the sounding should not be too

supportive of tornadoes to the point where tornadoes are nearly inevitable. Therefore, a

"tipping point" sounding that straddles the nontornadic vs tornadic parameter space is used

for all the simulations in this study. Using such a sounding, storm-induced heterogeneity

that increases or decreases tornadogenesis likelihood may result in very different outcomes.

The "tipping point" sounding is derived from soundings taken during the second Veri�-

cation of the Origins of Rotation in Tornadoes Experiment (VORTEX2; Wurman et al. (2012)).

Parker (2014) used these VORTEX2 soundings to create near-in�ow composite soundings

for both tornadic and nontornadic supercells. Using these composite soundings, Coffer

and Parker (2018) investigated whether the low-level wind pro�le exhibited a "tipping

point" between tornadic and nontornadic supercells. By linearly interpolating the low-level

wind pro�le in steps between the tornadic and nontornadic composites, it was discovered

that simulated supercells became tornadic when at least 40% of the tornadic composite

low-level winds were used. Therefore, the 40% tornadic wind pro�le from Coffer and Parker

(2018) is used as the "tipping point" wind pro�le in this current study's simulations. Coffer

and Parker (2018) also tested the tornadic and nontornadic composite thermodynamic

pro�les, but found that each thermodynamic pro�le was supportive of tornadoes when

the low-level wind pro�le contained at least 40% of the tornadic composite. Therefore,

the choice between these two thermodynamic pro�les appears to make little difference

between tornadic and nontornadic supercells and the tornadic composite is used for this

current study's thermodynamic pro�le 2.3.
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For the single storm scenario, the wind perturbation technique of Coffer et al. (2017) is

used to create an ensemble of simulations. The aforementioned 40% tornadic wind pro�le

is perturbed at each level vertical level of the input sounding. Random perturbations from

a uniform distribution of up to � 2 m s� 1 are implemented. The wind direction for each

of these perturbations is also randomly generated from a uniform distribution ranging

from 0 - 360� . In Coffer et al. (2017) and this current study, these wind perturbations appear

to create enough simulation spread while allowing supercells to still be comparable. The

perturbed wind pro�les are used for seven of the isolated supercell simulations while all

the other simulations use the 40% tornadic "tipping point" pro�le without perturbations

(Figure 2.4).

2.4 Proxy for Tornadogenesis Likelihood

Tornadogenesis is usually thought to occur in three steps (Davies-Jones et al. 2001). First, a

supercell develops a mesocyclone via tilting of environmental horizontal vorticity by an

updraft (Davies-Jones 1984). Second, vertical vorticity develops at the ground as a result of

downdrafts from the storm (Davies-Jones 1982; Rotunno and Klemp 1985; Davies-Jones and

Brooks 1993; Walko 1993). Third, vertical vorticity at the surface converges and is stretched

upward by an intense, organized low-level mesocyclone (Markowski and Richardson 2014;

Coffer and Parker 2015; Davies-Jones 2015; Goldacker and Parker 2021). It is these three

processes that this study's simulations have the ability to resolve. If all three ingredients

for tornadogenesis are present, then it may be said that tornadogenesis has an increased

probability of occurring.

The �rst step of tornadogenesis - the presence of a mesocyclone - is found in all of the

simulations for this study, as a tracking algorithm (described in Section 2.5) identi�ed a

mesocyclone within each supercell. Therefore, it is not necessary for our tornadogenesis

likelihood proxy to focus on mesocyclone presence. In recent years, there has been in-

creasing evidence that most - if not all - supercells produce abundant subtornadic vertical

vorticity at the surface (Parker and Dahl 2015; Coffer and Parker 2017; Coffer et al. 2017).

Indeed, all simulations in this study produced vertical vorticity of at least 0.04 s � 1 at the

bottom model level. Therefore, the presence of vertical vorticity at the surface does not

appear to control tornadogenesis likelihood among the simulated supercells in this study.

This leaves one remaining ingredient for tornadogenesis: the convergence and stretching

of surface vertical vorticity that is driven by the low-level updraft.
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Stretching is derived from the vertical vorticity equation, which can be written in irrota-

tional, incompressible form as

@ �

@t
= � v � r � + ! � r w (2.1)

where v = (u, v, w) is the three-dimensional wind vector, ! = (� , � , � ) is the three-

dimensional vorticity vector. If equation 2.1 is expanded into its three dimensional compo-

nents, the contributing terms to vertical vorticity generation can be extracted:
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The third term on the right hand side of equation 2.2 - the ampli�cation of vertical

vorticity via stretching - is the direct representation of tornadogenesis. Therefore, low-

level (1 km AGL) @w
@z is used at the tornadogenesis proxy for this study. However, @w

@z does

not explain why tornadogenesis becomes more or less likely. Therefore, two explanatory

ingredients are developed to explain the changes in the tornadogenesis proxy @w
@z .

The vertical acceleration that creates large @w
@z is extremely consequential. Vertical

accelerations are traditionally decomposed into vertical perturbation pressure gradient

acceleration and buoyant acceleration components:

d w

d t
= �

1

� �

@p 0

@z
| {z }

vertical perturbation pressure
gradient acceleration

+ B|{z}
buoyant acceleration

(2.3)

where � � is density as a function of height
�
� � = � (z)

�
and p 0 is pressure perturbation.

The pressure perturbation p 0 can be decomposed into dynamic ( p 0
D ) and buoyant ( p 0

B )

components, with the dynamic component being further divided into linear ( p 0
D L ) and

nonlinear ( p 0
D N L ) components:

p 0= p 0
D + p 0

B (2.4)

and

p 0
D = p 0

D L + p 0
D N L (2.5)

The vertical perturbation pressure gradient acceleration and buoyant acceleration are

related to two tornadogenesis failure mechanisms. The �rst failure mechanism is lack of
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a strong, organized low-level mesocyclone to dynamically lift surface vertical vorticity.

Mesocyclones are associated with low pressure (namely p 0
D N L ) leading to large � 1

� �

@p 0
D N L

@z

that can "suck" up air with surface vertical vorticity (Rotunno and Klemp 1982; Markowski

and Richardson 2014; Coffer and Parker 2015; Goldacker and Parker 2021). Not surprisingly,

a growing body of evidence then suggests that strong circulation in the low-level updraft is

a key feature for distinguishing between tornadic and nontornadic supercells (Coffer and

Parker 2017, 2018; Coffer et al. 2017; Orf et al. 2017; Yokota et al. 2018). In our simulations,

too, we �nd that there is a strong correlation (r = 0.93) between updraft circulation and

low-level vertical velocity 2 (Figure 2.2). Therefore, updraft circulation is used as the �rst

explanatory ingredient for changes in @w
@z .

The second tornadogenesis failure mechanism is that out�ow from a supercell may be

too cold and negatively buoyant for vertical stretching to take place. A number of studies

have found that colder out�ow under the mesocyclone decreases the chance of tornadoge-

nesis (Markowski et al. 2002; Shabbott and Markowski 2006; Grzych et al. 2007; Lee et al.

2012; Weiss et al. 2015). In our simulations, we �nd that there is a negative weak correlation

(r = -0.44) between temperature under the mesocyclone and low-level vertical velocity. This

could be because the thermodynamic pro�le used does not produce very cold out�ow, as

was noted in Coffer and Parker (2017) who used the same thermodynamic pro�le. Nev-

ertheless, temperature under the mesocyclone is the second explanatory ingredient for

changes in @w
@z because past studies have shown its importance.

These two ingredients are used to explain why the tornadogenesis proxy @w
@z increases

or decreases between the simulated supercells in this study:

1. Updraft circulation; this is quanti�ed by summing the 1 km AGL vertical vorticity in

the portion of the updraft that is greater than or equal to 5 m s � 1 and multiplying by

the updraft area.

2. Temperature under the mesocyclone; this is quanti�ed by averaging virtual potential

temperature at lowest model grid (25 m AGL) in a 5 km radius around the mesocyclone.

2.5 Mesocyclone Tracking Algorithm

To objectively analyze each simulated supercell, a mesocyclone tracking algorithm was

developed. The tracking algorithm produces latitude / longitude coordinates for the center

20-1 km @w
@z is directly proportional to 1 km AGL vertical velocity.
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of each mesocyclone in each simulation (Figure 2.5). These coordinates provide immense

utility: time series are calculated for each supercell, areal statistics are computed with

respect to the center of the mesocyclone, backward trajectories are initialized about the

coordinates, and storm motions are calculated.

The algorithm is based upon the assumption that the largest areal peak of vertical

velocity and vertical vorticity denotes the location of a mesocyclone. This assumption

follows the de�nition of a mesocyclone which requires a maximum in vertical vorticity

(typically 0.01 s � 1 or greater) to be collocated with the updraft of a supercell. However, the

vertical velocity and especially vertical vorticity �elds can sometimes be noisy, making

the peak of their product dif�cult to identify. Therefore, the algorithm uses a Gaussian

smoothed �eld of the product of vertical velocity and vertical vorticity at 2 km (AGL) to

identify the location of low-level mesocyclone(s) in the domain for each model output time.

The 2 km level was chosen because heights lower than 2 km sometimes contained weak

vertical velocity, especially early in the simulations. Yet, 2 km is close enough to the surface

that mesocyclone tilt does not largely displace lower levels of the mesocyclone from the

tracking algorithm anchored at 2 km AGL.

For each simulation, mesocyclone tracking begins at 40 minutes into the simulations

because this is approximately the time it takes supercellular characteristics to form from

an initial warm bubble. Thus, all analyses for this study occur after 40 minutes into the sim-

ulations. Occasionally, mesocyclone cycling results in the formation of a new mesocyclone

downshear from the old mesocyclone (Adlerman et al. 1999). As a result, the algorithm

has the ability to move from the occluded mesocyclone to the new mesocyclone, which

may occur once or twice in some simulations. The algorithm terminates when it no longer

detects an updraft of at least 10 m s � 1 at 2 km AGL. When the algorithm terminates, it is

said that a supercell is in its dissipation stage.
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Table 2.1: A list of all the simulations used in this study, organized by isolated vs multi-
supercell, angle, and spacing.

Simulation Name Number of Supercells Angle ( � ) Spacing (km)

IsolatedNoPert 1 - -
IsolatedRandPert1 1 - -
IsolatedRandPert2 1 - -
IsolatedRandPert3 1 - -
IsolatedRandPert4 1 - -
IsolatedRandPert5 1 - -
IsolatedRandPert6 1 - -
IsolatedRandPert7 1 - -

30km0deg 2 0 30
40km0deg 2 0 40
50km0deg 2 0 50
60km0deg 2 0 60
30km45deg 2 45 30
40km45deg 2 45 40
50km45deg 2 45 50
60km45deg 2 45 60
30km90deg 2 90 30
40km90deg 2 90 40
50km90deg 2 90 50
60km90deg 2 90 60
30km135deg 2 135 30
40km135deg 2 135 40
50km135deg 2 135 50
60km135deg 2 135 60
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Figure 2.1: A schematic of the four supercell orientations used for the mutli-supercell
simulations. All the angles are relative to the 0-6 km shear vector.
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Figure 2.2: A scatterplot of circulation within the 1 km AGL, 5 m s � 1 updraft and the
95th percentile of vertical velocity in a 5 km radius around the mesocyclone. The Pearson
correlation coef�cient is given in the upper left corner. There are 5600 points plotted, which
corresponds to each minute of output (during the 40 - 180 minute window) the 40 simulated
supercells.

17



Figure 2.3: Skew T – log p diagram for the tornadic composite sounding used in Coffer
and Parker (2018). Wind barbs on the skew T – log p plot are displayed in knots.
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Figure 2.4: Hodograph containing all eight wind pro�les used in this study. The bold pro�le
is the 40% interpolated pro�le from Coffer and Parker (2018). The faint pro�les are the
perturbed from the 40% interpolated pro�le and are used for the perturbation simulations
in the isolated supercell ensemble.
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Figure 2.5: An example of the mesocyclone tracking algorithm for a single model output
time. The tracking algorithm is denoted by the light blue circle. Surface re�ectivity (dBZ) is
shaded and corresponds to the colorbar. A Gaussian smoothed w* � �eld is contoured in
black.
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CHAPTER

3

STORM-INDUCED HETEROGENEITY

The purpose of the �rst set of experiments is to identify possible types of storm-induced

heterogeneity that may play a role in shifting tornadogenesis likelihood for neighboring

supercells. In this study, storm-induced heterogeneity is de�ned as any change from the

numerical model base state that extends beyond the precipitation �eld of the parent storm.

The speci�c aim of this chapter is to identify storm-induced heterogeneity that may affect

neighboring supercells (rather than feedback on the parent storm itself ). We do this by iden-

tifying changes from the numerical model base state that extend beyond the precipitation

�eld of the parent storm. Storm-induced heterogeneity may take the form of:

1. Thermodynamic changes to the environment (changes in potential temperature and

water vapor mixing ratio)

2. Kinematic changes to the environment (changes in wind speed and direction)

3. Left-moving cells that split from the parent right-moving supercell and approach a

neighboring storm

As described in section 2.1, an ensemble of eight isolated supercells is used to document

the range of potential storm-induced heterogeneity. Each member of the ensemble exhibits
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slight variations in behavior and storm-induced heterogeneity because of the initial wind

pro�le perturbations described in Section 2.3. In order to capture the full variability of storm-

induced heterogeneity, all eight members are analyzed together. The mesocyclone tracking

algorithm described in Section 2.5 aids in this process because it provides a coordinate for

each mesocyclone center. By shifting each supercell so that the mesocyclone centers align,

all eight supercells can be combined into ensemble maps depicting the mean, median,

maximum, or minimum values (depending upon the quantity of interest). The ensemble

maps help reveal both the commonalities and variability of induced heterogeneity by a

single storm. This in turn may help identify possible shifts in tornadogenesis likelihood

that could occur when neighboring storms are present.

3.1 Thermodynamic modi�cations

Thermodynamic modi�cations can take the form of temperature perturbations or moisture

perturbations. We �rst look at these changes separately before considering their combined

affects on buoyancy and instability.

In order to document storm-induced temperature perturbations in both time and space,

multiple times and vertical levels of temperature perturbations are investigated (Figure 3.1).

First, at the surface, we observe the ensemble producing a larger and colder cold pool as

time progresses. At t = 60 minutes, the averaged cold pool has a maximum � 0de�cit of -1.5

K and only extends about 10 km west of the supercell. By t = 120 minutes, the averaged cold

pool has a maximum � 0de�cit of -3 K and now extends up to 50 km west of the supercell.

One hour later, at t = 180 minutes, evaporative cooling has now created an averaged cold

pool that extends to the edge of the model domain. The ensemble minimum, median, and

maximum cold pool show that, by t = 180 minutes, � 0de�cits range from -4 to -6 K even

60 km west of the supercell (Figure 3.2). The strengthening cold pool would hinder any

convection west of the supercell because it limits the buoyancy of near-surface air.

At 1 km AGL, hints of warming to the northwest of the supercell are observed by t =

120 minutes (Figure 3.1). The warming has a 50 x 50 km footprint by t = 180 minutes and

reaches up to 2.5 K. Upon further inspection using tracers at various vertical levels (not

shown), it is seen that this region of warming contains air from further aloft, indicating

that subsidence is taking place to the northwest of the supercell. Subsidence is also seen

at 5 and 7 km AGL to the west of the supercell, which is similar to the initial gravity wave

response seen in Bretherton and Smolarkiewicz (1989) and Mapes (1993), among other
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studies. Besides this subsidence, gravity waves from the supercell do not appear to have

large effects on the surrounding environment. This is perhaps because supercells occur on

smaller spatial and temporal scales than MCSs. Additionally, supercells do not have large

stratiform regions from which second vertical mode (n =2) gravity waves originate (Fovell

et al. 2006).

Other temperature perturbations include a region of cooling to the southeast of the

supercell, especially at 5 km AGL. Tracer analysis reveals that this cooling is caused by

rising motion in the supercell's in�ow (Figure 3.3). This rising motion may be a result of

slab-like lifting as storm-relative winds approach the supercell and its cold pool, as was

shown by Ziegler et al. (2010). These changes in temperature are likely not diabatic, as

soundings indicate that saturation does not occur in these regions (e.g. Figure 3.7). Looking

at temperature perturbations as a whole (e.g. Figure 3.1), it is seen that storm-induced

heterogeneity has a footprint that extends more than 75 km from the parent supercell after

three hours from convective initiation. This means that supercells have some potential

to mutually in�uence one another over long distances. These regions of subsidence and

rising motion have effects on the amount of convective available potential energy (CAPE),

as will be seen in the analysis that follows.

There are also storm-induced environmental changes in water vapor mixing ratio. The

primary signal is that large amounts of drying occur to the northwest of the supercells

in the ensemble (Figure 3.4). This drying is caused by drier air from aloft (e.g. Figure 2.3)

descending to the low levels, either by downdrafts or compensating subsidence. This drying

may be partially offset if large-scale synoptic ascent were included in the simulations, but

it is unlikely that the result will be much different because air descends over a large vertical

distance. Tracer analysis shows that some of the dry air at the lowest model level comes

from regions as high as 4-5 km AGL (Figure 3.5). Similar to temperature perturbations,

drying also has an effect on the amount of CAPE available in the surrounding environment.

The combined effects of temperature and moisture perturbations on instability are

seen by plotting CAPE and change in CAPE relative to the model base state (Figure 3.6).

The regions north and west of the ensemble supercells re�ect the effects of the cold pool

and drying via subsidence. Where the cold pool and drying is maximized, surface-based

CAPE goes to 0 J kg� 1, indicating no surface-based instability and a hostile environment for

new or nearby convection. Soundings are taken from the cold pool and subsidence region

to illustrate the changes in atmospheric instability (Figure 3.7). Figure 3.7a is taken in the

cold pool and features a -5 K drop in surface temperature and a drop in surface water vapor

mixing ratio, removing all CAPE from the sounding. The cold pool is surprisingly shallow
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and only resides in the lowest 50 hPa. Figure 3.7b is taken from a region of dry air north of

the supercell and has a 6 g kg � 1 decrease in water vapor maxing ratio at the surface and a 7

g kg� 1 decrease at 1 km AGL. In both Figures 3.7a and 3.7b, the environment retains almost

all of its characteristics above 700 hPa, which supports the �nding in Trapp and Woznicki

(2017) that the environment above the boundary layer is largely unchanged in the wake

of a supercell. Figure 3.7c is taken in the in�ow region and features adiabatic cooling and

moistening associated with the previously discussed rising motion. This thermodynamic

storm-induced heterogeneity indicates that supercells generate an unfavorable region for

convection on their upshear side and may create a slightly more favorable environment in

their own in�ow sectors.

3.2 Kinematic modi�cations

Storm-induced kinematic modi�cations take the form of changes in environmental winds,

which leads to changes in wind shear and horizontal vorticity. The isolated ensemble

composite reveals several key regions of these kinematic modi�cations (Figure 3.8). Looking

at the in�ow of the supercell from 0-3 km AGL, there are wind perturbations up to 15 m s � 1

oriented toward the low-level mesocyclone. This increase in wind speed is caused by lower

pressure in the mesocyclone from dynamic and latent heating effects (Klemp and Rotunno

1983; Weisman and Klemp 1984) (Figure 3.9). The effects of the cold pool are also seen

when looking at surface wind perturbations. The relatively high pressure from the cold pool

causes wind perturbations oriented away from the cold pool's center. At 0.5 and 1 km AGL,

an interesting wind perturbation signature also appears to the northwest of the supercell.

While the 0.5 and 1 km AGL storm-relative winds are still directed toward the northwest (not

shown), their perturbations are toward the southeast, indicating that winds have slowed

at these levels. Looking at pressure perturbations, we see that this is most likely because

there is a pressure gradient acceleration toward the mesocyclone within the northwestern

quadrant of the supercell. A similar scenario unfolds at 3 and 6 km AGL in the northeastern

quadrant of the supercell. Negative pressure perturbations are found in the forward �ank at

3 and 6 km AGL, likely due to quasi-static effects of latent heating aloft. This latent heating

produces warm air the resides above the cold pool, causing a positive buoyancy gradient

and low pressure below the buoyancy maximum. These negative pressure perturbations

cause a pressure gradient acceleration toward the forward �ank in the mid-levels, as seen

by the wind perturbations in the northeastern quadrant of the supercell.
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Changes in wind velocity then have effects on wind shear and vorticity. Vertical shear

within the 0-500 m and 0-1 km layers re�ect the wind velocity changes induced by the cold

pool (Figure 3.10). There is an increase in low-level wind shear on the southern �ank of

the cold pool and a decrease in wind shear on the northern �ank. These changes in wind

shear implicate the generation of horizontal vorticity within the baroclinic zones along the

edges of the cold pool. The cold pool baroclinic zones will be discussed more shortly. 0-1

km AGL shear increases in the supercell in�ow region as a result of increased easterly and

decreased southerly components of the wind (Figure 3.11). 0-3 km and 0-6 km AGL shear

also increases in the supercell in�ow region because of increased easterly wind below 1 km

AGL and a straightening of the hodograph above 1 km AGL. Parker (2014) and Nowotarski

and Markowski (2016) found similar increases in wind shear around the in�ow region of

supercells. This increase in wind shear promotes larger environmental horizontal vorticity,

which can be tilted by the supercell updraft, strengthening mesocyclone rotation. Vertical

shear in the 0-3 and 0-6 km layers decrease to the northeast of the supercell. These decreases

in shear are caused by the mid-level wind perturbations and pressure gradient acceleration

toward the forward �ank discussed earlier. Though narrow ( 20-40 km wide), this zone of

lower wind shear may be less favorable for neighboring mesocyclone development and

maintenance.

Perhaps the kinematic modi�cation is most strikingly captured by the change in low-

level SRH. There are three regions where large changes in 0-500 m SRH occur (Figure 3.12).

First, there is a large increase in 0-500 m SRH along the forward �ank of supercells (from

x = 0 km to x = 30 km and y = -5 km to y = 15 km in Figure 3.12). While the background

environment from our chosen wind pro�le contains about 100 m 2 s� 2 of SRH, the forward

�ank features values more than 300 m 2 s� 2. This generation of horizontal vorticity is caused

by the baroclinic zone along the forward �ank (Klemp and Rotunno 1983; Rotunno and

Klemp 1985; Markowski et al. 2012; Dahl et al. 2014). However, this region of increased SRH

is quite limited to the forward �ank of supercells, so the effect on nearby storms is likely

minimal.

The second region of 0-500 m SRH modi�cation extends well rearward of the storm

(from x = -65 km to x = 10 km and y = -10 km to y = 65 km in Figure 3.12) and therefore

has a higher likelihood of affecting neighboring storms. The density gradient between the

trailing portion of the cold pool and environmental air causes baroclinic generation of

horizontal vorticity. On the southern (northern) half of the trailing cold pool, this vorticity

is positive (negative), causing an increase (decrease) in 0-500 m SRH. In the northern half

of the cold pool, the horizontal vorticity becomes antistreamwise, which would be hostile
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for cyclonic supercells. In the southern half of the cold pool, the enhanced region of 0-500

m SRH may create a favorable location for supercells, but the cold pool itself could be be a

hindrance because of negative buoyancy.

The third region of modestly enhanced 0-500 m SRH extends roughly 50 km southeast-

ward from the storm into the in�ow sector (from x = 0 km to x = 50 km and y = -50 km to y

= 0 km in Figure 3.12). The slightly enhanced 0-500 m SRH is a result of a stronger easterly

component to the wind at low-levels in the in�ow sector of the primary supercell (Figure

3.11). Although the 0-500 m SRH enhancement is small, the footprint is large and could

have an effect on supercells located to the southeast of the primary supercell.

3.3 Storm splitting and left-moving cells

In each of the isolated ensemble simulations, storm splitting takes place, with the clockwise

curvature of the hodograph favoring the right-moving supercell. As discussed in Chapter

1, left-moving splits can affect neighboring supercells either directly by storm mergers or

indirectly by their out�ow. Using the ensemble composite, it is seen that storm splitting

occurs around 40 minutes into the simulations (Figure 3.13). The left-moving cells have a

storm motion of 9-10 m s � 1 to the north-northeast (NNE), relative to the parent right-moving

supercell. This NNE motion would be expected to cause the multi-supercell simulations

with a north or northeast neighboring supercell to feature storm mergers. The occurrence

of left-moving splits is fortuitous to this study because these cells have closer resemblance

to nascent, non-supercells than supercells. We can therefore use left-moving cells to infer

possible in�uences between younger, non-supercell convection and mature supercells.

The left-moving cells feature moderate to high re�ectivity upwards of 45 dBZ even 40

minutes after the split, indicating that the left-moving cells have moderate to strong updrafts

and potential to produce cold pools. Composite maps of virtual potential temperature

de�cits ( � 0
v ) reveal that the left-moving cells have relatively weak cold pools (Figure 3.14).

The median only features a cold pool reaching -1 K, while the minimum has a cold pool

that reaches -2.5 K as of t = 105 minutes, which is the approximate time where cold pools

are strongest before left-moving cells either experience a merger or move out of the model

domain. Hastings and Richardson (2016) found that cells merging into a supercell may

cut off the supercell's updraft if the out�ow is suf�ciently strong. Even if the cold pool of a

left-moving cell is weak, it can still weaken a supercell's updraft.
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3.4 Possible combined effects on nearby supercells

The storm-induced heterogeneity and splitting left-moving cells outlined in this chapter

have potential to in�uence nearby convection, including neighboring supercells. In nature,

nearby convective initiation may occur at different times, so the following summary of

storm-induced heterogeneity is described in chronological order. We brie�y recap these

possible effects to neighboring supercells before discussing the multistorm simulations in

Chapter 4.

One hour into the isolated supercell simulations, thermodynamic and kinematic modi-

�cations are mostly localized to the supercell itself. In the near-in�ow (0-20 km from the

mesocyclone), vertical shear has increased slightly (Figure 3.10). The supercell has under-

gone storm splitting and the left-moving storm's precipitation shield is about to separate

from the right-moving supercell. In multistorm cases where a supercell resides immediately

to the north (30 km away) of the primary supercell, it may begin to experience a storm

merger with the left-moving storm. Seeing that

Two hours into the isolated supercell simulations, a strong cold pool has developed and

has modi�ed the environment up to 50 km west of the supercell (Figure 3.1). In the region

of the cold pool, surface-based CAPE has decreased and low-level shear changes indicates

baroclinic generation of horizontal vorticity is occurring (Figures 3.6 and 3.10). A region of

low-level drying has developed to the north and west of the supercell, somewhat co-located

with the cold pool (Figures 3.4). In the in�ow, increased shear now extends up to 50 km

away from the mesocyclone (Figures 3.10). The left-moving storm has now traveled about

60 km to the NNE of the supercell. A supercell west or northwest of the primary supercell

would experience adverse effects from the cold pool's negatively buoyant air and possibly

the region of antistreamwise vorticity in the northern half of the cold pool. A supercell to

the north or northeast may experience a storm merger with the left-moving cell. Supercells

to the southeast of the primary supercell may be strengthened by the slight enhancement

in low-level shear.

Three hours into the simulation, all the storm-induced heterogeneity from the two-hour

snapshot has been enhanced. The cold pool now extends 75 km away from the supercell,

creates a larger region with lowered CAPE, and produces even more horizontal vorticity

via baroclinic generation (Figures 3.1, 3.6, and 3.12). The area of low-level drying now

extends up to 80 km northwest of the supercell (Figure 3.4). The in�ow features slightly

more shear than the two-hour snapshot, though the spatial footprint has changed little

(Figure 3.10). Supercells to the north or west of the primary supercell would continue
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to experience the adverse effects of negative buoyancy and / or antistreamwise vorticity.

Supercells to the southeast of the primary supercell may continue to be strengthened by the

slight enhancement in low-level shear. Having outlined the storm-induced heterogeneity

that may affect neighboring supercells, we now proceed to the results from the multistorm

simulations.
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Figure 3.1: Average ensemble maps of � 0 (shaded). Average ensemble re�ectivity is con-
toured in black (20 dBZ). A 5 km radius around the supercell mesocyclone is drawn with a
magenta circle. To focus on heterogeneity in the surrounding environment, � 0 is masked
to zero inside the re�ectivity contour. The rows correspond to height AGL. The columns
correspond to the simulation time. The entire model domain is not shown.
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Figure 3.2: Ensemble maps of surface (25 m AGL) � 0
v (shaded) at t = 180 minutes. The 5th,

50th, and 95th percentiles of � 0
v are shown. Average ensemble surface (25 m AGL) re�ectivity

is contoured in black (20 dBZ). A 5 km radius around the supercell mesocyclone is drawn
with a magenta circle.
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Figure 3.3: Average ensemble maps of tracer concentration at 5 km AGL (shaded). Average
ensemble 5 km AGL re�ectivity is contoured in black (20 dBZ). A 5 km radius around the
supercell mesocyclone is drawn with a magenta circle. The top row corresponds to tracers
initialized between 4.25 and 4.5 km AGL. The bottom row corresponds to tracers initialized
between 4.5 and 4.75 km AGL. The columns correspond to the simulation time. The entire
model domain is not shown.
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Figure 3.4: Average ensemble maps of water vapor mixing ratio changes. Average 20 dBZ en-
semble re�ectivity is contoured in black. The rows correspond to height AGL. The columns
correspond to the simulation time. The entire model domain is not shown.
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Figure 3.5: Average ensemble maps of tracer concentration at the lowest model level (25 m
AGL) (shaded). Average ensemble re�ectivity is contoured in black (20 dBZ). A 5 km radius
around the supercell mesocyclone is drawn with a magenta circle. Each row corresponds
to a uniform tracer initialized between the labeled levels. The columns correspond to the
simulation time. The entire model domain is not shown.
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Figure 3.6: Average ensemble maps of CAPE and changes in CAPE (compared to model
base state). Average 20 dBZ ensemble re�ectivity at the lowest model level (25 m AGL) is
contoured in black. The columns correspond to the simulation time. The entire model
domain is not shown.

Figure 3.7: Skew-t log-p diagrams for the average ensemble, comparing three regions of
changing instability. The base state sounding is taken 100 km southwest of the supercell
mesocyclone. The cold pool sounding is taken 30 km west and 20 km north of the mesocy-
clone, the sounding with drying is taken 40 km north and 10 km west of the mesocyclone,
and the in�ow sounding is taken 30 km southeast of the mesocyclone.
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Figure 3.8: Average ensemble maps of wind perturbations (shaded). Wind perturbation
vectors are also drawn for each height. Average 20 dBZ ensemble re�ectivity is contoured
in black. The rows correspond to the vertical level being shown. The columns correspond
to the simulation time. The entire model domain is not shown.
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Figure 3.9: Average ensemble maps of pressure perturbations (shaded). Wind perturbation
vectors are also drawn for each height. Average 20 dBZ ensemble re�ectivity is contoured
in black. he rows correspond to the vertical level being shown. The columns correspond to
the simulation time. The entire model domain is not shown.
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Figure 3.10: Average ensemble maps of vertical shear change (shaded). Shear vectors are
also drawn for each height. Average 20 dBZ ensemble re�ectivity is contoured in black. The
rows correspond to the depth of the vertical shear layer. The columns correspond to the
simulation time. The entire model domain is not shown.
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Figure 3.11: Hodographs of the in�ow and the far-�eld background environment using
the initial sounding. Storm motion is marked by the "M" and heights are indicated by labels
of the same color. The in�ow hodograph is made at x = 20 km, y = -30 km in Figure 3.12.
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Figure 3.12: Average ensemble map of 0-500 m SRH at t = 180 minutes (shaded). 250 m
AGL storm relative winds are shown using vectors. Average 20 dBZ ensemble re�ectivity at
the lowest model level (25 m AGL) is contoured in black. � 0

v de�cits showing the cold pool
are contoured at -1, -2, and -3 K. The entire model domain is not shown.
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Figure 3.13: Average ensemble surface (25 m AGL) re�ectivity showing storm splitting and
motion of the left-moving cell. A 5 km radius around the supercell mesocyclone is drawn
with a magenta circle.
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Figure 3.14: Ensemble maps of surface (25 m AGL) � 0
v de�cits for the left-moving cell at

t = 105 minutes (shaded). The ensemble maximum, median, and minimum are shown.
Average ensemble surface (25 m AGL) re�ectivity is contoured in black (20 dBZ).
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CHAPTER

4

SHIFTS IN TORNADOGENESIS

LIKELIHOOD

Having established the footprint of near-storm impacts by isolated supercells, we now seek

to identify associated shifts in tornadogenesis likelihood. To begin, we �rst present the

shifts in tornadogenesis likelihood. Then, the remainder of the chapter attributes these

shifts to the storm-induced heterogeneity discussed in Chapter 3.

4.1 Simulated tornadogenesis likelihood shifts

To condense our �ndings for shifts in tornadogenesis likelihood during multistorm events,

a new type of plot was developed (Figures 4.1 and 4.2). These "wheel" plots are used to

display the multistorm shifts in tornadogenesis likelihood in a polar coordinate system.

Updraft velocity at 1 km AGL is used to summarize tornadogenesis likelihood shifts because

it is directly proportional to 0-1 km AGL @w
@z , indicating the support for low-level stretching.

Wheel plots are made for both storm lifetime average and highest 10-minute sustained

updraft velocity. The storm lifetime average represents overall low-level updraft strength for
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the duration of each supercell. The highest 10-minute sustained updraft velocity represents

the peak time period where stretching is maximized for each supercell.

There are a few systematic shifts in @w
@z that emerge from the wheel plots. First, the

western and northwestern supercells have a pronounced decrease. This decrease also

occurs for the northern and northeastern 30 km storms. Second, there is a signal for in-

creased @w
@z in the northeastern 45 degree supercells (excluding the 30 km storm). The 60

km northern supercell also stands out because it exhibits the largest positive shift in @w
@z .

Lastly, the southwestern, southern, southeastern, and eastern supercells do not exhibit

any noticeable trends in @w
@z . From this distillation, we conclude that the probability of

tornadogenesis likely increases for the northern and northeastern storms, decreases for the

western and northwestern storms, and is rather unchanged for the southwestern, southern,

southeastern, and eastern storms. Our primary aim is to explain why these shifts have

occurred.

4.2 Isolated supercell ensemble

To begin attributing tornadogenesis likelihood shifts to storm-induced heterogeneity, it

is �rst necessary to document the behavior and variability of explanatory ingredients

(circulation and temperature under the mesocyclone) in the isolated supercell ensemble.

Then, any deviations from the ensemble within the multi-supercell simulations will be

�agged as possible effects of storm-induced heterogeneity.

For all eight supercells in the isolated ensemble, strong ( > 0.01 s� 1) positive vertical vor-

ticity is located within the low-level updraft, creating large values of circulation – especially

at later times in the simulations (Figure 4.3). Circulation is calculated by summing the 1 km

AGL vertical vorticity within the 5 m s � 1 updraft and multiplying that sum by the updraft

area. It can be shown 1 that circulation is proportional to the dynamic pressure minimum

found at the center of the mesocyclone. This pressure minimum causes an upward vertical

1For a Rankine vortex, the perturbation pressure minimum is proportional to the square of the maximum
tangential velocity:

p 0
min = � � � V

2
ma x (4.1)

where p 0
min is the perturbation pressure minimum, � � is density, and Vma x is the maximum tangential

velocity. Circulation can be written as a function of Vma x :

C = Vma x � 2� Rma x . (4.2)

where C is circulation and Rma x is the radius of maximum tangential wind. Substituting C into Equation
4.1 we obtain
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pressure gradient acceleration, facilitating the stretching of surface vertical vorticity. Similar

updraft circulation is found to be a distinguishing characteristic between tornadic and

nontornadic supercells in Coffer and Parker (2017, 2018).

Throughout the isolated ensemble's 3-hour run time, updraft circulation generally

increases (Figure 4.4). This behavior implies that that tornadogenesis likelihood increases

as the isolated supercells mature because more vertical stretching is taking place. Around t

= 80 minutes, storm splitting takes place and there is a temporary period between t = 80

and 100 minutes where some ensemble members have a decrease in circulation. As the

supercells reorganize after the updraft split, circulation continues to increase.

Backward trajectory analyses are used to determine the source of changes in circulation.

Coffer and Parker (2018) showed that increased low-level streamwise horizontal vorticity

caused mesocyclones to develop stronger low-level updraft circulation. Therefore, stream-

wise vorticity is tracked for each backward trajectory. Backward trajectories are placed

within each mesocyclone at 1 km AGL and integrated backward for 1 hour. Parcel stream-

wise vorticity increases with time, both along the trajectories themselves (right to left in

Figure 4.5) and also between the three trajectory release times (blue to red in Figure 4.5). The

increase in streamwise vorticity along the trajectories is partially caused by the baroclinic

generation of vorticity from the forward �anks of the supercells (Klemp and Rotunno 1983;

Rotunno and Klemp 1985; Markowski et al. 2012; Dahl et al. 2014). The trajectories �ow

through the temperature gradient with an orientation that implies the baroclinic generation

is streamwise (Figure 4.6). In addition, the temperature gradient within each forward �ank

becomes sharper as time progresses and more evaporative cooling takes place. Collocated

with the sharper temperature gradients are regions of higher 0-500 m storm relative helicity

(SRH), indicating that baroclinic generation of horizontal vorticity has indeed increased.

As trajectories �ow through the enhanced regions of 0-500 m SRH, they acquire greater

streamwise vorticity. The increase in streamwise vorticity at later release times is caused by

p 0
min = � � �

C 2

4� 2R2
ma x

. (4.3)

Circulation is also equal to the product of average vorticity and area:

C = �� R2
ma x . (4.4)

Substituting Equation 4.4 in Equation 4.3 we arrive at the relationship that circulation C is proportional to
the dynamic pressure minimum p 0

min :

p 0
min =

� � � C�

4�
. (4.5)
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the stronger baroclinic generation of vorticity at these later times. Figure 4.5 also shows that

parcels have larger starting streamwise vorticity each hour. Investigation of the low-level

wind pro�le reveals that large low-level shear in the the initial sounding causes the subgrid

turbulence scheme (Deardorff 1980) to turn on, which begins to modify the low-level wind

pro�le. The wind pro�le is modi�ed such that there is greater streamwise vorticity between

250-500 m at t = 180 minutes than t = 0 minutes. Both increased baroclinic generation

of vorticity and modi�cation of the background low-level winds explain why ensemble

circulation generally increases throughout the simulations (Figure 4.4).

Taking a look at our second explanatory ingredient – temperature under the mesocy-

clone – we �nd that all eight ensemble members do not exhibit much variation or trend,

besides a slight decrease in average virtual potential temperature de�cit ( � 0
v ) over time as

evaporative cooling occurs (Figure 4.8). � 0
v is weak for each member, with most members

only exhibiting -1 to -2 K de�cits. In previous studies, � 0
v associated with tornadic supercells

has generally been colder than -2 K, indicating that � 0
v likely has to be colder than -2 K

to negatively impact vertical stretching (Markowski et al. 2002; Shabbott and Markowski

2006; Grzych et al. 2007; Lee et al. 2012; Weiss et al. 2015). Thus, with growing mesocyclone

circulation and warm out�ow, the isolated storms simulated here would seem to have

rather favorable tornadogenesis likelihood in the context of prior literature.

Using the isolated supercell ensemble, the baseline behavior and variability of our

two explanatory ingredients for @w
@z (low-level updraft circulation and temperature under

the mesocyclone) has been established. We next look for departures from the ensemble

baseline in the multistorm simulations.

4.3 45 degree simulations

The purpose of the multistorm simulations is to investigate whether our proxy for super-

cell tornadogenesis likelihood ( @w
@z ) changes compared to the isolated ensemble. In each

multistorm simulation, adjacent supercells have varying angles of separation and sepa-

ration distances. In the 45 degree multi-supercell simulations, supercells are located to

the northeast and southwest of one another, given an eastward pointing deep layer shear

vector (Figure 2.1).

The northeastern supercells each experience an increase in updraft circulation that ap-

proaches or exceeds the ensemble envelope (Figure 4.9). This enhanced updraft circulation

occurs earlier for northeastern supercells with less separation distance. The increase in
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circulation is temporary, however, as the 30 km northeast supercell eventually dissipates

and the 40 - 50 km northeast supercells eventually weaken below the ensemble mean. The

southwestern supercells do not show much deviation from the isolated ensemble envelope,

indicating that these supercells do not have noticeable shifts in tornadogenesis likelihood.

The same patterns are seen by analyzing plan-view plots of updraft circulation during the

10 minutes of highest sustained @w
@z (Figure 4.10). Northeastern supercells each have com-

parable or greater circulation than the ensemble and the time of maximized @w
@z generally

occurs earlier for the storms with less separation distance. The southwestern supercells

generally have lower values of circulation that resemble the ensemble. Wheel plots of av-

erage circulation over storm lifetime and during the 10 minutes of highest sustained @w
@z

show a similar story: generally above average circulation for northeastern storms and no

noticeable shift for southwestern storms (Figures 4.11 and 4.12).

Time series of temperature under the mesocyclone reveals that each of the northeastern

storms eventually experiences large � 0
v de�cits (-3 to -4 K) that fall below the ensemble

envelope (Figure 4.13). The decrease in � 0
v occurs earlier for northeastern storms with less

separation distance, again showing that it takes time for storm-induced heterogeneity to

emanate away from its parent supercell. The southwestern supercells, on the other hand,

have almost no � 0
v deviations from the ensemble envelope. Wheel plots for temperature

under the mesocyclone also show cooler temperatures for northeastern storms and no

generalized trends for southwestern storms (Figures 4.14 and 4.15). The lack of deviations

from the ensemble for both temperature under the mesocyclone and circulation suggest

that the southwestern storms do not appear to be affected by the northeastern storms.

The uptick in circulation for each northeastern supercell is associated with increased

SRH from a stronger forward �ank baroclinic zone. The cause of this stronger baroclinic

zone is a merger with a left-moving cell splitting from the southwest supercell (Figure

4.16). In all four 45 degree simulations, the left-moving cell collides with the updraft of the

northeast supercell, resulting in the storm shifting toward the high-precipitation side of the

supercell spectrum (Hastings and Richardson 2016). As the northeast supercell produces

more precipitation, the � v gradient along the forward �ank of the storm becomes larger.

This stronger gradient generates more streamwise vorticity that is subsequently ingested

by the updraft. Comparing the northeastern supercells to the ensemble composite reveals

that the 40, 50, and 60 km northeast storms all have stronger forward �ank � v gradients

and regions of 0-500 m SRH than the ensemble mean (Figure 4.17). In fact, in the 60 km

northeast storm, there is an impressive area of 0-500 m SRH > 600 m2 s� 2. Even the 30 km

simulation produces 0-500 m SRH > 450 m2 s� 2 at t = 60 minutes, which is much greater
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than the 200 m 2 s� 2 found in the t = 60 minutes ensemble average from Figure 4.6.

The increase in northeastern supercell vertical acceleration does not last long, however.

The enhanced precipitation in the northeast supercells leads to rear �ank cold pool surges,

producing a larger southward component to their motion, ultimately bringing them into

the forward �ank of the southwestern supercell (Figure 4.18). Once in the forward �ank,

the northeast supercells begin ingesting increasingly negatively buoyant air, causing the

supercells to weaken. In the 30 km simulation, the northeastern supercell dissipates and is

completely absorbed into the southwestern storm's forward �ank. A similar thing happens

to the 40 km supercell by the end of the 3 hour simulation. Overall, each northeastern

supercell experiences a temporary increase tornadogenesis likelihood before moving into

the southwestern supercell and weakening.

4.4 135 degree simulations

In the 135 degree multi-supercell simulations, supercells are located to the northwest and

southeast of each other, given an eastward pointing deep layer shear vector (Figure 2.1).

It is very apparent that the northwestern supercells have a downward shift in circulation

across all four simulations (Figure 4.19) (Also see northwestern storms in Figures 4.11 and

4.12). In fact, the environment for the northwestern supercells becomes hostile to the point

where the 30 and 40 km storms dissipate. The 50 and 60 km northwestern supercell survive

until the end of the simulation, but their circulation is still below the ensemble envelope.

The 30 km southeastern supercell features a large increase in vertical acceleration for the

last quarter of the simulation, but this is the only southwestern supercell that goes beyond

the ensemble envelope. This indicates that the northwestern supercells may have a positive

in�uence on southeastern supercells, but only at short distances.

Plots of updraft circulation indicate the same trends for tornadogenesis likelihood

(Figure 4.20). In the northwestern supercells, there are very small and weak updrafts with

low values of vertical vorticity, indicating that there are weak dynamically induced pressure

minima at the center of the updrafts. The southeastern supercells exhibit updraft circulation

similar to the isolated ensemble in the 50 and 60 km simulations. However, there are larger

concentrations of vertical vorticity in the 30 km simulation than the isolated ensemble.

This again indicates that the northwestern supercell may have a small positive in�uence

on southeastern storms, but only at limited range.

Brie�y looking at the other explanatory ingredient of temperature under the mesocy-
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clone, there are no � 0
v de�cits that have large deviations from the ensemble (Figure 4.21).

In fact, none of the supercells in the 135 degree simulations have � 0
v de�cits lower than -3

K under their mesocyclones. The lack of temperature de�cits for both northwestern and

southeastern storms is also seen in the wheel plots (Figures 4.14 and 4.15). This means that

both the northwestern and southeastern storms have little effect on the temperature under

the other's mesocyclone. Thus, our analysis will focus on the changes in circulation in the

northwestern storms.

There are two factors associated with the weakening and / or demise of the northwestern

supercells. First, similar to the 90 degree simulations, there is storm-induced dry air that

impinges upon the in�ow of the northwestern supercell (Figure 4.22). This dry air greatly

reduces the buoyancy of the northwestern supercell in�ow, leading to CAPE < 500 J kg� 1

and the demise of the updraft. Also like the 90 degree simulations, the decrease in in�ow

buoyancy is solely due to drying of air, as the temperature of the in�ow is not changing (not

shown).

The second factor associated with northwestern supercell weakening / demise is a reduc-

tion in 0-500 m SRH. The northern edge of the southeastern supercell cold pool supports

baroclinic generation of antistreamwise vorticity. As parcels approach the updraft of the

northwestern storm, they pass through this northern edge and begin to lose streamwise

vorticity (Figures 4.23 and 4.24). This is not typical for parcels approaching a supercell

updraft, as there is usually an increase in streamwise vorticity (Brooks et al. 1994; Parker

2014). Supercells gain their vertical vorticity from horizontal vorticity, so the decrease in

0-500 m SRH causes less vertical vorticity in the northwestern supercells, explaining the

low concentrations of vertical vorticity in the updraft circulation maps (Figure 4.20). With

the combination of drier air and less horizontal vorticity, the 135 degree angle of separation

is very unfavorable for northwestern supercells.

Regarding the southeastern supercells, there is little evidence to support why the 30 km

storm has increased circulation. A plethora of possible causes were investigated, but no

obvious cause for the increase in circulation was determined. All southeastern supercells

feature similar in�ow environments as the isolated ensemble. There are also no mergers

or neighboring precipitation �elds affecting the southeastern supercells. The increase in

circulation in the 30 km case could simply be another example of within-storm chaotic

behavior (e.g. Coffer et al. 2017). However, Figure 3.12 does show that there is a large region

of slight 0-500 m SRH enhancement that extends about 50 km to the southeast of the

isolated ensemble. It is also possible that the 30 km southeastern storm was located within

a region like this induced by the northwestern storm.
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4.5 90 degree simulations

In the 90 degree multi-supercell simulations, supercells are located to the north and south

of one another, given an eastward pointing deep layer shear vector (Figure 2.1). Of all the

multi-supercell simulations, the 90 degree cases exhibit the most variability in updraft

circulation and no generalized shifts in tornadogenesis likelihood can immediately be

drawn across all the supercell separation distances (Figure 4.25). For the northern supercells,

each simulation features a peak in circulation. This peak is delayed as supercell separation

increases: 80 minutes for the 30 km run, 119 minutes for the 40 km run, 132 minutes for the

50 km run, and 167 minutes for the 60 km run. The peak in circulation is also much greater

for the simulations with larger separation distance.

Another trend across the simulations is a weakening or dissipation of the northern

supercell later in its lifetime. The northern 30 km supercell dissipates around 130 minutes

while the 40 km supercell dissipates around 160 minutes. The 50 km northern supercell

circulation returns back down to the ensemble mean toward the end of the 3 hour simula-

tion but the 60 km supercell still has very strong circulation by the end of its run. Unlike the

northern supercells, the southern supercells show little deviation from the isolated ensem-

ble envelope, indicating that these supercells are probably not affected by the neighboring

storm to the north. These patterns (or lack thereof) of updraft circulation also appear in

the wheel plots for circulation, with northern storm circulation increasing as separation

distance increases but no trends for the southern storms (Figures 4.11 and 4.12).

Similar patterns are found using circulation maps within each low-level mesocyclone

(Figure 4.26). As separation distance increases, each northern supercell exhibits a larger

updraft with greater vertical vorticity. The circulation in the 60 km northern storm is espe-

cially impressive, corresponding to a 1 km AGL updraft of 30 m s � 1. This updraft may even

be stronger if grid spacing < 250 m were used. In the southern supercells, the circulation

in each updraft is similar to the isolated ensemble, except for the 40 km supercell. This

supercell features a high concentration of vertical vorticity that corresponds to a brief

overshooting of the ensemble envelope (Figure 4.25). It is dif�cult to attribute causes for

the stronger 40 km southern supercell, as this supercell experiences the same in�ow envi-

ronment and has the same cold pool temperatures as the other southern supercells. It is

possible that chaotic, within-storm details played a part in the southern 40 km supercell's

abnormal circulation (e.g. Coffer et al. 2017).

Our other explanatory ingredient shows that northern supercells with greater separation

distance have large � 0
v de�cits under their mesocyclone 4.27. The 30 km supercell dissipates
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before it experiences lower temperatures and the 40 km supercell is beginning to drop in

temperature when it dissipates. The 50 and 60 km supercells last until the end of their 3-hour

simulations and have � 0
v de�cits as cold as -6 K. These results suggest that temperature under

the mesocyclone is not the cause of the 30 and 40 km supercells dissipating. The -5 to -6 K � 0
v

de�cits in the 50 and 60 km supercells imply that tornadogenesis likelihood has decreased,

but Figure 4.25 shows that updraft circulation has increased during this time. Therefore,

tornadogenesis likelihood has probably not decreased as the 50 and 60 km � 0
v de�cits imply.

The southern supercells show little deviation from the isolated ensemble envelope, again

indicating that these supercells are probably not affected by the neighboring storm to the

north. Wheel plots of temperature under the mesocyclone also show cooler temperatures

for northern storms and little deviation from the isolated ensemble in southern storms

(Figures 4.14 and 4.15).

Much like for the northeast storms in the 45 degree runs, the period of increased circula-

tion for each northern supercell is associated with mergers of left-moving cells (Figure 4.28).

The timing of the merger relative to the northern supercell is a function of separation dis-

tance, but all mergers happen in the forward �ank about 10 and 20 km east of the northern

supercell updraft. The behavior caused by these mergers is similar to what is documented in

Hastings and Richardson (2016). As they demonstrated, mergers with updrafts 10 to 20 km

apart cause a precipitation �eld overlap in the forward �ank. This increase in precipitation

leads to colder out�ow and a stronger baroclinic zone along the edge of the forward �ank

(Figure 4.29). For all four northern supercells, the enhanced baroclinic zone generates more

horizontal vorticity, which is ingested and tilted vertically by the updraft. The 40, 50, and

60 km supercells all feature 0-500 m SRH that is greater than the ensemble mean. The

horizontal vorticity that is generated in the 60 km simulation is especially impressive with

a region of 0-500 m SRH > 800 m2 s� 2. The merger-induced cold out�ows in the northern

supercells are also why large � 0
v de�cits are eventually found under their mesocyclones

(Figure 4.27). However, the 30 and 40 km storms dissipate before the cold out�ow reaches

their mesocyclones.

The weakening or dissipation of the northern supercells is associated with drier air

from the southern supercell impinging upon the northern supercell's in�ow. This dry air

comes from aloft, as discussed in section 3.1. A combination of advection by the environ-

mental wind and the rightward propagation of the northern supercell causes dry air to

enter the in�ow around 120 minutes in the 30 km simulation, 130 minutes in the 40 km

simulation, and 150 minutes in the 50 km simulation (Figure 4.30). The dry air does not

reach the 60 km northern supercell before the end of the simulation. This dry air greatly
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reduces the convective available potential energy (CAPE) in the northern supercell in�ow

to < 500 J kg� 1, eventually leading the the demise of its updraft. A series of skew-t log-p

diagrams demonstrate the change in CAPE, showing that it is caused by drying and not

change in temperature (Figure 4.31). Similar patterns are also found in the 40 and 50 km

simulations (not shown). Overall, the northern supercells have two mechanisms associated

with shifts in their tornadogenesis likelihood: mergers with left-moving storms suggest-

ing increased tornadogenesis likelihood followed by dry air from the southern supercell

suggesting decreased tornadogenesis likelihood.

4.6 0 degree simulations

In the 0 degree simulations, supercells are located upshear (to the west) and downshear

(to the east) of one another (Figure 2.1). There are no systemic differences in the updraft

circulation time series when comparing the four western and eastern supercells to the

isolated storm ensemble (Figure 4.32). Only two large deviations from the envelope of the

isolated ensemble are seen: the 30 km western supercell has consistently weak updraft

circulation and the 40 km eastern supercell also has a brief period around t = 140 where it

has weak updraft circulation. However, plan view maps of updraft circulation during the

highest sustained 10-minute window of 0-1 km @w
@z reveal that the western supercells overall

have weaker updraft circulation (Figure 4.33). This loss in circulation is a function of smaller

updraft area and less vertical vorticity. Eastern supercells have comparable circulation to

the ensemble and feature similar updraft areas and vertical vorticity values.

Temperature under the mesocyclone provides more information for shifts in tornado-

genesis likelihood (Figure 4.34). Each of the western supercell mesocyclones experience

� 0
v de�cits colder than -5 K, which induce large downward accelerations and limit vertical

stretching. Western supercell � 0
v falls below the ensemble envelope at t = 60 minutes in

the 30 km storm, t = 70 minutes in the 40 km storm, t = 100 minutes in the 50 km storm,

and t = 150 minutes in the 60 km storm. It is logical that supercells with larger separation

distance have a longer delay before they begin to in�uence one another, as it takes time

for heterogeneity to emanate from its parent supercell. The eastern supercells, too, have

� 0
v de�cits that are colder than the ensemble mean. In the 30 and 40 km eastern storms,

� 0
v de�cits reach -4 K, also well below the ensemble envelope. In the 50 and 60 km eastern

storms, � 0
v de�cits occasionally fall below the ensemble envelope, but mostly remain closer

to the ensemble minimum. Wheel plots of temperature under the mesocyclone also show
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that western and eastern storms have cooler temperatures than the isolated ensemble

(Figures 4.14 and 4.15).

The western supercells have colder temperatures under their mesocyclones because

their in�ow is contaminated with out�ow from the eastern storm. This negatively buoyant

air also may explain why western storms have smaller updraft area. To visualize tempera-

ture under the mesocyclone, each supercell is compared during its time of maximum 0-1

km @w
@z , representing the maximized time of tornadogenesis likelihood. For each 0 degree

simulation, western supercell in�ow at the time of maximum @w
@z contains negatively buoy-

ant out�ow from the eastern storm (Figure 4.35). Maximum @w
@z occurs at similar times

for the 30 and 40 km storms, but the 30 km supercell ingests more negatively buoyant

out�ow because it is 10 km closer to the eastern storm. The greater � 0
v de�cit implies that

the 30 km storm has lower tornadogenesis likelihood than the 40 km storm. The 40 and

60 km storms have comparable in�ow � 0
v to the ensemble because the coldest part of the

eastern storm out�ow has not yet reached their mesocyclones. Meanwhile, the time of

maximized @w
@z occurs quite late in the 50 km storm at t = 173 minutes. At this late time, there

is appreciable baroclinic generation of streamwise vorticity, allowing for stronger dynamic

lifting. However, the western storm's in�ow is completely overrun with � 0
v de�cits as cold as

-5 K. Overall, the western storms appear to have a decrease in tornadogenesis likelihood

because negatively buoyant out�ow from the eastern storm reaches the mesocyclone and

stretching is hindered by negative buoyancy.

The eastern supercells also have colder temperatures under their mesocyclones, de-

creasing tornadogenesis likelihood. Each eastern supercell features strong rear �ank gust

fronts that surge under the mesocyclone, which is not favorable for tornadogenesis (Brooks

et al. 1994; Gilmore and Wicker 1998; Snook and Xue 2008; Markowski and Richardson

2014, 2017; Guarriello et al. 2018). For each 0 degree simulation, the forward �ank of the

western supercell precipitates into the rear �ank of the eastern supercell (Figure 4.36). This

additional precipitation enhances evaporative cooling and leads to a cold pool surge (i.e.

the rear �ank gust front). For each eastern storm at the time of maximized @w
@z , � v de�cits

are as cold as -7 to -9 K behind the rear �ank gust front (Figure 4.37). At the times shown,

the gust front surges under the mesocyclone, ushering in negatively buoyant air. For com-

parison, the average ensemble � 0
v de�cits are only as cold as -3 to -4 K. The eastern storm

rear �ank gust fronts momentarily cause lifting and larger @w
@z ) along their leading edge, but

this phenomenon is not favorable for tornadogenesis because of the negatively buoyant air

that follows the rear �ank gust front (Lee et al. 2012).
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4.7 Summary of tornadogenesis likelihood shifts

In our analysis of all the multistorm simulations, we have identi�ed several situations where

storm-induced heterogeneity might affect the tornadogenesis likelihood of neighboring

supercells. The tornadogenesis proxy of @w
@z and its explanatory ingredients of updraft circu-

lation and temperature under the mesocyclone have allowed us to infer that tornadogenesis

likelihood probably changes. We �nd there are three mechanisms in particular that appear

to be responsible for these shifts in tornadogenesis likelihood: mergers with left-moving

storms, ingestion of another storm's negatively buoyant out�ow, and ingestion of another

storm's dry air from compensating subsidence. Mergers and neighboring cold pools change

the 0-500 m SRH in the in�ow of supercells, which in return strengthens or weakens the

supercell. Mergers increase 0-500 m SRH while the northern edge of another storm's cold

pool decreases 0-500 m SRH. Overall, the western and northwestern supercells appear

to have a decrease in tornadogenesis likelihood from ingesting negative buoyancy and

antistreamwise vorticity, respectively. The northern and northeastern supercells appear

to have brief periods of increased tornadogenesis likelihood as a result of storm mergers.

The eastern supercells have surging cold pools that undercut their mesocyclones, suggest-

ing decreased tornadogenesis likelihood. The southwestern, southern, and southeastern

supercells do not appear to be in�uenced by their neighboring storms to the north.
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Figure 4.1: A wheel plot of 1 km AGL updraft velocity that has been averaged over storm
lifetime. Each of the 32 sections corresponds to one supercell a multistorm simulation. The
storms are positioned in polar coordinates, with separation angle being the azimuth and
separation distance being the radius. Each "spoke" of the wheel corresponds to separation
angle. Each ring corresponds to supercell separation distances of 30, 40, 50, and 60 km.
Reference letters are placed on each section, with matching reference letters meaning that
the two supercells are from the same simulation. For example, the sections labeled "B"
correspond to the eastern and western supercells in the 40km0deg simulation. A vector
corresponding to the 0-6 km wind difference is plotted at the center for reference. The colors
represent difference from the isolated ensemble, with brown indicating below normal and
teal indicating above normal.
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Figure 4.2: As in Figure 4.1, but for 1 km AGL updraft velocity that is sustained over each
storm's strongest 10-minute interval.
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Figure 4.3: Vertical vorticity (shaded) and updraft velocity (contoured) at 1 km AGL for
each of the isolated supercell simulations. Each plot is a 10-minute average during the time
of highest sustained @w

@z . The calculated updraft circulation is displayed for each panel.
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Figure 4.4: Time series of updraft circulation for the isolated supercell ensemble. Each
dark grey line represents one member of the ensemble. The 2-standard deviation ensemble
con�dence interval is shaded in light grey. The con�dence interval is allowed to remain
constant or grow larger as time progresses, but never shrink; this requirement is enforced
so that ensemble spread can be visualized as simulations run further in time.
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Figure 4.5: Average ensemble streamwise vorticity for backward trajectory parcels heading
for the 1 km low-level mesocyclone. Parcels were released at t = 60, 120, and 180 minutes
for each member in the ensemble.
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Figure 4.6: The average ensemble map of lowest model grid (25 m AGL) � 0
v perturbations (shaded), re�ectivity (thick black line

corresponds to 20 dBZ), and 0-500 m SRH (colored contours at 150, 200, 250, and 300 m 2 s2) for the isolated supercell ensemble
at t = 60, 120, and 180 minutes. Trajectories from a single ensemble member are displayed (�ne black lines), indicating the
paths air parcels take through the � 0

v and 0-50 m SRH �elds as they approach the 1 km AGL low-level mesocyclone. The
magenta circle is a 5 km radius around the mesocyclone center.
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Figure 4.7: A) Hodograph of the background environmental wind over time using the
initial sounding. Storm motion is marked by the "M" and heights are indicated by labels
of the same color. B) Pro�les of streamwise vorticity over time. C) Pro�les of turbulence
kinetic energy over time.

60



Figure 4.8: Time series of temperature under the mesocyclone for the isolated supercell
ensemble. Each dark grey line represents one member of the ensemble. The 2-standard
deviation ensemble con�dence interval is shaded in light grey. The con�dence interval
is allowed to remain constant or grow larger as time progresses, but never shrink; this
requirement is enforced so that ensemble spread can be visualized as simulations run
further in time.
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Figure 4.9: As in Figure 4.4, but including the 45 degree multi-supercell simulations.
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Figure 4.10: As in Figure 4.3 but for the 45 degree multi-supercell simulations.
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Figure 4.11: As in Figure 4.1, but for 1 km AGL circulation.
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Figure 4.12: As in Figure 4.1, but for 1 km AGL circulation that is sustained over each
storm's strongest @w

@z 10-minute interval.
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